Abstract Murine insulin-like growth factor 2 antisense (Igf2as) transcripts originate from the opposite strand of the same Igf2 locus as the Igf2 sense mRNA. The Igf2, insulin 2 (Ins2), and H19 genes form a cluster of imprinted genes on chromosome 7. Loss of imprinting of IGF2 in humans is associated with BeckwithWiedemann syndrome and Silver-Russell syndrome, as well as with Wilm's tumor and colorectal cancer. We developed a RNA-FISH protocol to detect Igf2as and Igf2 transcripts. The results from the RNA-FISH were confirmed with quantitative realtime PCR and clearly indicate that the Igf2as transcripts are predominantly located in the cytoplasm of C2C12 cells. In a polysome association study, we showed that the Igf2as sedimented with polysomes in a sucrose gradient. The cellular localization of Igf2as transcripts together with polysome fractionation analysis provides compelling evidence that the Igf2as is protein coding.
maintained after fertilization (Pauler et al. 2007 ). The insulin-like growth factor 2 gene (Igf2) encodes for the insulin-like growth factor-II peptide, a growth factor with a principal function in myogenesis (Florini et al. 1991 (Florini et al. , 1996 . The Igf2 peptide is a member of the insulin-like growth factor (IGF) family. IGFs stimulate many anabolic responses in myoblasts and stimulate both proliferation and differentiation of the myoblasts (Florini et al. 1996) . The Igf2 gene was one of the first genes reported to be imprinted. Only the paternal allele of Igf2 is expressed, leading to functional hemizygosity. This was proven by generating chimeric mice that had one of the Igf2 alleles disrupted. Heterozygous offspring from male Igf2 mutant mice were 60 % smaller than the wildtype mice, demonstrating the importance of Igf2 for embryonic and fetal growth (De Chiara et al. 1990 . Igf2, insulin 2 (Ins2), and H19 are located in a gene cluster that maps to the distal region of mouse chromosome 7 (Monk et al. 2006) . H19 is maternally expressed, whereas Igf2 and Ins2 are paternally expressed. An ICR about 2 kb upstream of H19 is involved in the control of these reciprocally imprinted genes. This ICR is methylated on the paternal allele, which impairs the binding of the CCCTC-binding factor (CTCF or 11-zinc finger protein), leading to paternal Igf2 expression. On the maternal chromosome, CTCF binds to the unmethylated ICR, which functions as an insulator blocking the interaction between Igf2 promoters and enhancers downstream of H19 (Bell and Felsenfeld 2000; Hark et al. 2000) .
The first IGF2AS transcript was found in chicken embryo while studying IGF2 expression (Taylor et al. 1991) . This IGF2AS transcript overlapped IGF2 in the second coding exon. Taylor et al. (1991) suggested that this antisense transcript may be responsible for low amounts of IGF2 transcripts in embryos, considering the high expression level of IGF2 transcript after birth. Later, Rivkin et al. (1993) reported the first Igf2as transcripts in mice. A detailed study revealed multiple Igf2 sense and antisense transcripts including differential DNA methylation and tandem repeats at the mouse Igf2 locus (Moore et al. 1997) . No open reading frame could be identified in these antisense transcripts, and their function remains elusive.
The IGF2 imprinted locus is still intensively studied, since it is implicated in Beckwith-Wiedemann syndrome and Silver-Russell syndrome, as well as in Wilm's tumor and colorectal cancer (Okutsu et al. 2000; Reik and Walter 2001; Monk et al. 2006; Berteaux et al. 2008) . In this study, we investigated the localization of Igf2as transcripts in C2C12 myoblast cells relative to Igf2 sense transcripts, and subsequently we performed a polysome association study. We report here for the first time that the Igf2as transcripts are present in the cytoplasm and are located in RNA-associated polysome fractions from C2C12 myoblast cells, suggesting that these transcripts are protein coding.
Materials and Methods
Cell Culture C2C12 muscle myoblast cells from Mus musculus (American Type Culture Collection) were grown in Dulbecco's Modified Eagle's Medium supplemented with 10 % fetal calf serum and penicillin-streptomycin solution to a final concentration of 1 %. The cells were incubated at 37°C in a 5 % CO 2 atmosphere and were subcultured every 2 days with new medium. The procedure for subculturing C2C12 cells was as follows: discarding of old culture medium, washing with phosphate buffered saline (PBS), addition of 2 ml 59 trypsin-EDTA solution, and incubation at 37°C until the cells were detached from the bottom of the flask (about 5 min). Fresh growth medium (at 37°C) was then added to these cells, and approximately 1.5 9 10 5 -1 9 10 6 C2C12 cells were transferred to a new flask and completed with growth medium to 10 ml.
RNA-FISH
Total RNA was isolated using Trizol reagent according to the manufacturer's instructions (Invitrogen) and treated with DNaseI (Ambion). RNA was then cleaned up with an RNeasy Mini Kit (Qiagen). The reverse transcription of RNA was performed with a First-Strand cDNA Synthesis Kit (GE Healthcare). The sequences of the RNA-FISH probes were selected following the recommendations of Arvey et al. (2010) . The mouse Igf2as transcript sequence (accession no. NR_002855.2) was analyzed for repetitive elements using the Repeatmap program (http:// cbio.mskcc.org/*aarvey/repeatmap/). A sequence of about 500 bp was then chosen to design a primer pair (http://frodo.wi.mit.edu/primer3; Table 1 ). The probe sequence to detect Igf2 transcripts was selected from the coding sequence that is common for all known transcript variants (NM_010514.3). Locations of probes are shown in Fig. 1 .
For the probe construction, the respective fragments for Igf2 and Igf2as were PCR amplified using cDNA from C2C12 cells. The PCR products were subsequently cloned into pCRII-TOPO vectors according to the manufacturer's instructions (Invitrogen). Chemically competent cells were transformed and incubated overnight on agar plates. White colonies were then picked for further inspections. Plasmids were extracted with the QIAprep Spin Miniprep Kit according to the manufacturer's recommendation (Qiagen). Plasmids were Sanger-sequenced using the BigDye Terminator v3.1 Ready Reaction Cycle Sequencing kit and run on the ABI 3730 capillary sequencer (Applied Biosystems). Circular plasmid DNA was opened with restriction endonucleases NotI (New England Biolabs). The digested plasmids were extracted with phenol-chloroform and precipitated with ethanol, and the concentration was measured with the NanoDrop ND-1000 Instrument (NanoDrop Technologies).
The in vitro transcription reaction used 1 lg of plasmid DNA for each Igf2as, Igf2, and negative Igf2 control probe to synthesize the corresponding labeled RNA-FISH probe. The in vitro transcription was performed with a Maxiscript kit (Ambion) using digoxigenin (DIG) RNA labeling mix (Roche) according to the manufacturer's protocol. The RNA-labeled probes were DNase digested to remove plasmid DNA and subsequently cleaned using the RNeasy Mini Kit (Qiagen).
RNA-FISH Procedure
C2C12 cells were grown on glass coverslips coated with poly-L-lysine to reach 90-95 % confluence. The cells were fixed with 4 % paraformaldehyde in PBS at room temperature for 20 min, then digested with 0.1 % Proteinase K (Sigma) in 5 % Tris-HCl and 1.5 % CaCl 2 preheated buffer (37°C) for 5 min at 37°C. After digestion, the cells were again fixed for 5 min in 4 % paraformaldehyde and subsequently washed at room temperature for 2 min in 29 SSC buffer. Once the cells were fixed, they were incubated with prehybridization buffer containing 50 % formamide, 59 SSC, and 0.1 % Tween-20, during 1 h at 50°C. The cells were then hybridized with prehybridization buffer containing 100 lg/ml fragmented salmon sperm DNA and 50 lg/ml heparin (Sigma) and using 1 lg/ml of the labeled probe. After the RNA probes were added, the probe mixture was heated to 80-85°C for 2-3 min and then chilled on ice. After the hybridization mix was added to the fixed cells, the coverslips were covered with Gel Bond film (Bioproducts), sealed with rubber cement (Starkey), and incubated overnight at 50°C.
The slides were washed with prehybridization buffer that was preheated to 55°C and incubated at 55°C for 1 h. A second wash at room temperature was made with 50 % PBT (19 PBS, 0.1 % Tween-20) and 50 % hybridization solution for 10 min, followed by a PBT washing step for 15 min. The fixed cells on the coverslips were blocked with western blocking reagent diluted 1:4 in PBT (Roche) for 30 min. The primary sheep anti-DIG antibody (Roche) stock solution was centrifuged at 5009g before use and diluted in western blocking reagent-PBT to 1:200. The cells were then incubated with this primary antibody for 1.5 h at room temperature. The slides were washed two times for 15 min in PBT and again incubated in western blocking reagent diluted 1:4 in PBT for 30 min. The stock solution of Alexa 555 donkey anti-sheep secondary antibody (Invitrogen) was also centrifuged briefly and then diluted in 1:4 blocking reagent-PBT solution in the ratio of 1:300. The slides were subsequently incubated with the diluted secondary antibody for 1 h at room temperature. Because of the light sensitivity of Alexa 555, the slides were thereafter protected from light. The slides were washed four times using PBT for 15 min. The nuclei were stained with TOTO3 (Invitrogen) for 30 min at room temperature and rinsed twice with PBT. The coverslips with the cells were mounted in prewarmed (50°C) Glicergel (Dako) on new slides. Fluorescent signals were visualized using an Olympus Fluoview FV1000 microscope with epifluorescence. Pictures were taken and analyzed using the FV10-ASW 1.7 Viewer software. They were further processed using Corel PhotoPaint 94 software.
Quantification of RNA in Nucleus and Cytoplasm RNA was extracted from both nuclear and cytoplasmic fractions using the Paris Kit according to the manufacturer's instructions, following the preparation of separate nuclear and cytoplasmic lysate protocol (Ambion).
RNA was DNase digested and cleaned up with the RNeasy Mini Kit (Qiagen). From the cleaned RNA fractions, cDNA was synthesized using a Quanti Tect Reverse Transcription kit, according to the manufacturer's protocol (Qiagen). For the cDNA synthesis, the same amount of RNA was used for both nuclear and cytoplasmic fractions, and 600 ng of nuclear and 600 ng of cytoplasmic RNA were reverse transcribed for each experiment.
The expression levels of Igf2 and Igf2as transcripts in the nuclear and cytoplasmic fractions of C2C12 were quantified by qPCR using Power SYBR Green (Applied Biosystems). The expression levels were compared with two endogenous controls, Gapdh (accession no. NM_008084.2) in the cytoplasm and Xist (accession no. NR_001570.2) in the nucleus. The primer sequences and product sizes for quantitative SYBR Green qPCR are given in Table 1 .
In the quantitative SYBR Green qPCR, the expression levels of Igf2 sense, Gapdh, and Xist were measured using 2 ll cDNA, and Igf2as transcripts used 5 ll. The reaction was run on the 7300 Real-Time PCR System (Applied Biosystems). RNA samples from three independent fractionations of nuclear and cytoplasmic fractions were quantified by qPCR in triplicate. Data were analyzed using the SDS version 1.3.1 software, according to the guidelines from Applied Biosystems. In the graph, the results are expressed as relative amounts of transcripts, which corresponds to the cycle threshold (Ct) values corrected for the RNA amounts used to synthesize the cDNA.
Polysome Fractionation C2C12 cells were grown in 75 cm 2 dishes to 70 % confluence. One dish was treated with 100 lg/ml cycloheximide (Sigma) 3 min before harvest. A negative control plate remained without the cycloheximide treatment. The medium was then removed, and the cells were washed with cold PBS with 100 lg/ml cycloheximide and without it for the negative control. The cells treated with cycloheximide were harvested with 500 ll polysome buffer containing 140 mM NaCl, 1.5 mM MgCl 2 , 10 mM Tris-HCl (pH 8), 0.5 % Nonidet P-40 (Roche), and RNasin (500 U/ml) on ice. The negative control cells were harvested using 400 ll of a buffer with the same composition but with 0.2 mM MgCl 2 . The cells were then passed through a syringe and centrifuged at 14,000 rpm for 5 min at 4°C to pellet the nuclei. The supernatant was collected and supplemented with 665 lg/ml heparin, 20 mM dithiothreitol, and 1 mM phenylmethanesulfonyl fluoride, including 100 lg/ml cycloheximide for the treated cells. The samples were then centrifuged at 14,000 rpm for 5 min at 4°C to pellet the mitochondria and membrane debris. After centrifugation, 100 ll of 0.5 M EDTA was exclusively added to the 400 ll supernatant of the negative control cells. The mixture was loaded on top of a 7-47 % sucrose gradient and ultracentrifuged at 38,000 rpm for 2 h at 4°C in a Sorvall TH-641 rotor (Kendro). From the gradients, 10 fractions of 1 ml were collected by puncturing the bottom of the tube. The samples were deproteinated by adding 100 lg/ml of Proteinase K, 1 % SDS, and 10 mM EDTA. The samples were extracted with phenol-chloroform and precipitated with ethanol. An RNA aliquot (3 ll) of each polysome fraction and the EDTA-disrupted negative control fraction was analyzed on 1.2 % agarose gel. The remaining 12 ll of RNA was used for cDNA synthesis with the First-strand cDNA Synthesis Kit (GE Healthcare), following the manufacturer's instructions. Quantification in duplicate of Igf2as and Gapdh transcript levels was performed by qPCR using TaqMan probes from Applied Biosystems (Table 2 ). For the quantification of Igf2as, a nested PCR procedure was applied by amplifying an Igf2as fragment for 10 cycles with Igf2as_outer primers followed by qPCR using Igf2as_inner primers and an Igf2as MGB probe (Table 2 ). The data were further analyzed.
Results

Visualization of Igf2as Transcripts in C2C12 Cells
First we aimed to determine the subcellular localization of the Igf2/Igf2as sense and antisense pair in C2C12 murine myoblast cells, with the ultimate goal of establishing a function for Igf2as. We performed RNA-FISH and found that the Igf2as transcripts are predominantly located in the cytoplasm of C2C12 cells (Fig. 2) . Fluorescence signals were evenly distributed in the cytoplasmic compartment of all cells, but many fewer fluorescence signals were observed in the nuclei (stained in blue). The analysis of hundreds of cells clearly suggests that the Igf2as transcripts are exported into the cytoplasm. In parallel, Igf2 sense transcripts were also detected in RNA-FISH experiments. Strong fluorescence signals were homogeneously distributed in the cytoplasmic fraction of Igf2-probed C2C12 cells (Fig. 2) . In all RNA-FISH experiments, a sense probe to Igf2 transcripts was routinely included as a negative control probe. The fluorescence signals observed in the RNA-FISH experiments with the negative nontarget Igf2 control probe were very low and randomly distributed over the entire cells. Taken together, Igf2as is present in the cytoplasmic compartment of C2C12 cells. The intensity of the signals further showed that the Igf2 sense transcript is much more abundant than the Igf2as transcript (Fig. 2) .
Quantification of Transcripts in Nuclear and Cytoplasmic Fractions by qPCR
In order to confirm our RNA-FISH results and to quantify RNA transcripts in C2C12 cell fractions, we performed qPCR analysis. We separated the nuclear and cytoplasmic fractions from C2C12 cells and measured the amount of Igf2 antisense transcripts in the nucleus and cytoplasm. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and X-inactive specific transcript (Xist) were used as endogenous controls in the cytoplasmic and nuclear fractions, respectively. The level of expression is represented as relative amount of transcripts (Fig. 3) . Similar to RNA-FISH, the qPCR analysis showed that the Igf2as expression was higher in the cytoplasmic fraction than in the nuclear fraction of C2C12 cells. Igf2 sense transcripts were more abundant in the cytoplasm than in the nuclear fraction. As expected, the Gapdh transcript level was higher in the cytoplasmic fraction. Xist transcripts appear to be predominantly located in the nuclear compartment.
Polysome Association Analysis
In order to determine whether Igf2as transcripts are protein coding, we performed a polysome association analysis. A positive association indicates translation of the transcripts. In this assay, we treated the cells with cycloheximide, which keeps the translating RNA bound to the polysomes. Following the treatment, we purified RNA-associated polysomes by sucrose gradient differential centrifugation from C2C12 cells. We included a negative control containing an EDTA-treated C2C12 lysate, which disrupts the polysomes and impairs their location in the lower fractions of the gradient. In this way, the RNA associated with the polysomes is shifted to the upper fractions; RNAs associated with other proteins will not be affected. From each sucrose gradient, 10 fractions were collected. To control the experiment and observe the polysome location throughout the fractions, we visualized the 28S and 18S rRNAs in an agarose gel (Fig. 4) . The gel showed the distribution of 28S and 18S rRNA from fractions 1-6, representing the polysomal fractions. Fractions 7-10 are frequently referred to as free RNA fractions. Fractions 1-4 from the negative control experiment were free of 28S and 18S rRNA, indicating disruption of polysomes by EDTA. Igf2as transcripts were detected in the polysomal fractions in the cycloheximide-treated cells (Fig. 5) . In contrast, the transcript distribution in the EDTA-treated control experiment was shifted to the upper fractions, as expected for polysome-associated transcripts. This clearly indicates that the Igf2as transcripts are bound to polysomes and released from them by EDTA. Similarly, Gapdh control transcripts were present in the polysomal fractions and underwent a distribution shift after EDTA treatment (Fig. 5 ).
Discussion
We found significant expression levels of Igf2as transcripts in the cytoplasm of undifferentiated C2C12 cells by means of two independent analyses, RNA-FISH and cell fractionation followed by qPCR. The results strongly indicate that the Igf2as transcripts are functional rather than solely representing transcriptional noise. Additionally, the polysome study demonstrates that the Igf2as transcripts are associated with the polysomal fraction, strongly suggesting a protein coding function of Igf2as. A recent study performing ribosome profiling provides further evidence that the Igf2as sequences were found in ribosomes (Ingolia et al. 2011 ). An in silico analysis of their data on ribosome footprints converted to DNA revealed numerous 40 bp reads that map to the Igf2as sequence. We cannot exclude, however, that the Igf2as transcripts have further functions besides coding for proteins.
It is interesting that we found abundant fluorescence signals with the respective Igf2 sense and antisense probes in all C2C12 cells for each RNA-FISH experiment, which suggests co-expression of this sense/antisense pair in single cells. In the cycloheximide treatment, the polysomal fractions are seen in lanes 1-6. In the EDTA treatment, the absence of 28S and 18S rRNA in those lanes indicates that the polysomes were disrupted and the ribosomes were shifted to the upper fractions Co-expression of the Igf2/Igf2as pair would allow these two transcripts to form RNA duplexes around exon 1 of Igf2 variant 2 and around u1 of the placentaspecific transcript from promoter P0 (Fig. 1) . The formation of duplexes between Igf2as and Igf2 may lead to the masking of key regulatory features within either transcript, inhibiting the access and binding of important trans-acting factors (Beiter et al. 2009; Lavorgna et al. 2004 ). These RNA duplexes could also enter the RNA interference pathway and direct specific destruction of target mRNAs (Wang and Carmichael 2004; Kent and MacMillan 2004) . Presently, we also cannot exclude that the Igf2as could code for a miRNA, since it has previously been reported that the H19 transcript is processed into a primary miRNA transcript in both humans and mice (Cai and Cullen 2007) . Alternatively, cytoplasmic long noncoding RNAs such as this Igf2as transcript can down-regulate the mRNA target by recruiting RNA decay proteins (Wang and Chang 2011) .
In conclusion, our results clearly showed that the Igf2as transcripts are present in the cytoplasm and are associated with the polysome fractions. These results strongly indicate that the Igf2as is protein coding, although noncoding Igf2as functions are not yet formally excluded.
